H uman ovaries contain follicles as basic functional units. The total number of follicles is determined early in life, and follicle depletion leads to reproductive senescence. Human follicles begin development during the fourth month of fetal life, and each human ovary contains ≈400,000 follicles at birth. Unknown intraovarian mechanisms activate a small number of dormant primordial follicles at a rate of ≈1,000 per month to initiate growth, and follicle depletion occurs at menopause when <1,000 follicles remain (1). For follicles not activated, the default pathway is to remain dormant for years or decades. Once activated, primordial follicles develop through primary and secondary stages before acquiring an antral cavity (2) . After gonadotropin stimulation, a few antral follicles reach the preovulatory stage and respond to the preovulatory gonadotropin surge to release mature eggs for fertilization.
Studies using mutant mice indicated that oocyte-specific deletion of the Phosphatase with TENsin homology deleted in chromosome 10 (PTEN) gene promotes the growth of all primordial follicles in neonatal and adult animals (3) (4) (5) . The PTEN gene encodes a phosphatase enzyme that negatively regulates the PI3K-Akt signaling pathway. Deletion of PTEN in the oocyte increases protein kinase B (Akt) phosphorylation and nuclear export of downstream Foxo3 proteins (4) . Indeed, Foxo3 gene deletion also activated all dormant primordial follicles in mice (6) . Here, we treated neonatal mouse ovaries in vitro with a PTEN inhibitor and a PI3K activating peptide to activate dormant primordial follicles, followed by transplanting them into the kidney capsule of FSH-treated adult ovariectomized recipients to promote follicle growth. We generated mature eggs capable of developing into viable and fertile offspring. Using human cortical fragments containing primordial follicles, we also activated dormant human follicles to develop into large antral follicles containing mature oocytes after xeno-transplantation into immune-deficient mice.
Results
We hypothesized that transient incubation of neonatal mouse ovaries in vitro with bpV(pic), a PTEN inhibitor (7) (8) (9) , allows the activation of dormant follicles. Ovaries containing mainly primordial follicles were obtained from neonatal mice at day 3 of age. Pairs of ovaries were incubated with bpV(pic) (100 μM) or culture media (control group) for 24 h. In addition to bpV(pic), some ovaries were treated for 48 h with a cell-permeable phospho-peptide (740Y-P) capable of binding to the SH2 domain of the p85 regulatory subunit of PI3K to stimulate enzyme activity (10) . Activated PI3K converts phosphatidylinositol (4, 5)-bisphosphate (PIP2) to phosphatidylinositol (3-5)-trisphosphate (PIP3), whereas the PTEN inhibitor prevents the conversion of PIP3 back to PIP2. Accumulated PIP3, in turn, could stimulate the phosphorylation of Akt and increase the nuclear exclusion of the transcriptional factor Foxo3. As shown in Fig. 1A , treatment of neonatal ovaries with bpV(pic) and the PI3K activating peptide (740Y-P) increased the nuclear export of Foxo3 in oocytes of primordial follicles at 6 h after incubation. Quantitative analyses indicated that 54% of oocytes in primordial follicles exhibited Foxo3 export (Fig. 1B) . At 48 h after treatment, granulosa cells of growing follicles in the treatment group showed increased staining of anti-Mullerian hormone (AMH), a marker for secondary/preantral follicles (11) (Fig. 1C) .
Paired ovaries (treated and untreated) from the same donor were then transplanted under separate sides of the kidney capsule in the same ovariectomized adult (8-week-old) recipient. One day after transplantation, hosts received daily i.p. injection of FSH (2 IU/day) to promote follicle development. At 5 days after transplantation, bromodeoxyuridine (BrdU) labeling analyses showed increased proliferation of granulosa cells in growing follicles of treated ovaries as compared with controls ( Fig. 1D) . At 14 days after transplantation, increases in ovarian sizes of treated groups were evident as compared with paired controls (Fig. 2A) ; cotreatment of bpV(pic) plus 740Y-P showed most pronounced increases based on ovarian weight determination This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: aaron.hsueh@stanford.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1001198107/-/DCSupplemental. (Fig. 2B) , reaching 3.4-fold of the control level. Histological analyses further demonstrated the presence of large antral follicles (>250 μm in diameter) in ovaries treated with bpV(pic) plus 740Y-P (Fig. 2C, arrow) as compared with controls. Follicle counting of serial ovarian sections indicated 1.8-and 6-fold increases between control and treatment groups in the number of antral and large antral follicles, respectively (Fig. 2D) . Also, in vitro cotreatment with bpV(pic) plus 740Y-P with or without inhibitors to Akt (SH-5) or PI3K (Wortmannin), followed by transplantation, demonstrated the mediatory roles of these enzymes in follicle activation (Fig. 2E) .
To test the maturity of oocytes from activated follicles, neonatal ovaries treated with bpV(pic) plus 740Y-P were transplanted for 18 days with FSH treatment. At 8 h before killing, hosts received saline or an ovulatory dose of hCG to evaluate nuclear maturation of oocytes. As shown in Fig. 3A Upper Left, large antral follicles were present in saline-treated (no hCG) animals. Oocytes in these follicles showed intact germinal vesicles and compact cumulus cells (Fig. 3A Lower Left) . In contrast, ovaries from hCG-treated group contained oocytes showing germinal vesicle breakdown (Fig. 3A Upper Right) in preovulatory follicles. These oocytes had no nuclear membrane but showed meiotic spindles (Fig. 3A Lower Right) and were surrounded by loosely associated cumulus cells, representing cumulus expansion. Immunofluorescence analyses of β-tubulin further indicated normal meiotic spindle formation in mature oocytes (Fig. S1A) . For ovarian grafts with or without pretreatment with bpV(pic) and 740Y-P followed by FSH and hCG exposure in vivo (Fig. S1B) , histological analyses indicated that 32% and 5% of antral follicles contained mature oocytes showing signs of germinal vesicle breakdown, respectively (Fig. S1C) .
We isolated mature oocytes from activated follicles at 18 days after transplantation to evaluate epigenetic changes and developmental potential. Maternal-specific methylation of imprinted genes is established during ovarian follicle development (12) . In mature oocytes (Fig. 3B ), methylation patterns in the differential methylated regions (DMR) of two maternal imprinted genes, Igfr2 and Lit1, were comparable between those obtained after transplantation (T) or from superovulated control mice (C). For both groups, a paternal imprinted gene H19 showed minimal methylation. After in vitro fertilization using donor sperm, mature oocytes from transplanted ovaries developed into two-cell embryos (24h), four-cell embryos (48h), morula (72h), and blastocysts (96h) during culture (Fig. 3C ). Although the fraction of mature oocytes developing into two-cell embryos was lower for oocytes from transplanted ovaries than those from superovulated ovaries without transplantation (normal control), a similar percentage of 2-cell embryos progressed to blastocysts for both groups (Fig. 3D) . A total of 118 two-cell embryos were transferred into 10 pseudopregnant females, leading to the delivery of 20 healthy pups capable of developing into adults. These progeny (Fig. S1D ) showed normal fertility with the derivation of healthy offspring. To activate human dormant follicles, ovarian cortical fragments containing primordial follicles were obtained from patients with benign ovarian tumor. After cutting into 1 mm 3 cubes, cortical tissues were treated with bpV(pic). As shown in Fig. 4A Left, nuclear exclusion of Foxo3 was evident in the treated group as compared with controls at 1 h after culture, showing a 2-fold increase (Fig. 4A Right) . Pairs of cortical cubes were treated with bpV(pic) or saline for 24 h before xeno-transplantation into each side of the kidney capsule of ovariectomized, severe combined immunodeficiency (SCID) mice. Three days after transplantation, animals were treated i.p. with FSH (1 IU per animal) every 48 h for 24 weeks. At 36 h before sample retrieval, hCG (20 IU per animal) was injected s.c.. As shown in Fig. 4B , major increases in graft sizes were apparent in the bpV(pic)-treated group as compared with controls ( Fig. 4B Upper, paired grafts with and without bpV(pic) treatment; Fig. 4B Lower, in situ kidney picture of one host). Serial sectioning was performed for four pairs of ovarian grafts together with ovarian cubes before xeno-transplantation. Follicle counting indicated each graft contained ≈55 follicles (Fig. 4C) . Before xeno-grafting, 96% of follicles were at the primordial stage with <4% at the primary stage and none at more advanced stages. After transplantation, 40% and 89% of follicles left the dormant primordial pool and developed into larger follicles in control and PTEN inhibitor-treated groups, respectively. In the bpV(pic)-treated group, ≈4-fold increases in the number of secondary and antral follicles were found. Oocyte maturation status of large follicles was also evaluated. In the control group, 8 antral follicles (>1 mm diameter) were present in four ovarian grafts with 7, 0, and 1 oocytes at germinal vesicle (GV), metaphase I (MI), and metaphase II (MII) stages, respectively. In four paired grafts treated with bpV(pic), 32 antral follicles were found with 5, 15, and 12 oocytes at GV, MI, and MII stages, respectively. Thus, 4-and 27-fold increases in the number of antral follicles and mature (MI and MII) oocytes were found after bpV(pic) treatment. As shown in Fig. 4D , two representative preovulatory follicles in the bpV(pic)-treated group contained mature MII oocytes (Fig. 4D Inset) . These mature human oocytes were not fertilized because of ethical concerns.
Discussion
We performed short-term and ovary-specific treatment of rodent and human ovaries with a PTEN inhibitor and/or a PI3K activator to increase Foxo3 nuclear extrusion in primordial oocytes, leading to the activation of dormant primordial follicles. Subsequent allo-or xeno-transplantation into kidney capsules of FSH-treated hosts allowed optimal follicle development. Once activated, follicles in grafts continue to grow to the antral stage with oocytes capable of undergoing nuclear maturation. For activated murine follicles, mature oocytes could be retrieved for in vitro fertilization and embryo transfer, followed by the delivery of healthy pups with proven fertility. Although attempts were not made to fertilize mature human oocytes obtained after xenotransplantation because of ethical concerns, morphological evaluation indicated germinal vesicle breakdown of these oocytes and future studies using nonhuman primates are needed to ensure fertilization capacity and embryonic development potential. Because epigenetic modification of DNA methylation in the differential methylated regions of key imprinted genes took place in oocytes during folliculogenesis (13) and increased frequencies of imprinting disorders (e.g., Angelman and BeckwithWiedemann Syndromes) are associated with assisted reproductive technology for human infertility treatment (14, 15) , we examined the methylation of two maternally imprinted (Igfr2 and Lit1) and one paternally imprinted (H19) genes in mature oocytes. We found similar patterns for oocytes from activated and superovulated control ovaries.
Using in vitro cultures, mutant animals, specific inhibitors, and passive immuno-neutralization tests, several ovarian paracrine factors have been found to be important for the activation of cultured murine primordial follicles (5), including kit ligand (16), PDGF (17) , neurotrophins (18) , leukemia inhibitory factor (19) , vascular endothelial growth factor (20) , bone morphogenetic proteins (21) , and FGF proteins (22, 23) . Although the exact factors involved in the activation of few primordial follicles to initiate growth under physiological states are still unknown, it is possible that key tyrosine kinase receptors respond to their ligands in oocytes by direct binding and activation of downstream PI3K and Akt enzymes. In addition, some factors could inhibit PTEN activity, also leading to increases in Akt phosphorylation. Indeed, treatment with the kit ligand activated Akt phosphorylation and suppressed Foxo3 activity in murine oocytes (24) . Binding of tyrosine auto-phosphorylation sites on activated receptors to the SH2 domains of p85, the regulatory subunit of PI3K, releases an autoinhibitory constraint to stimulate the catalytic subunit of PI3K. To stimulate PI3K-Akt-Foxo3 signaling in primordial oocytes, we treated ovaries with a pan-specific PI3K activator. The synthetic 740Y-P peptide has a phosphorylated tyrosine residue with flanking sequences identical to the interaction site of activated PDGF receptor, together with a protein transduction domain (16 residues) of the fly Antennapedia protein (25) to facilitate plasma membrane penetration. Peptide 740Y-P is a potent stimulator of PI3K activity and mitogenic responses in myoblast cells (10) and promotes primordial germ cell migration by mimicking the action of the receptor tyrosine kinase c-kit (26) . This PI3K-activating peptide likely increases intracellular PIP3 levels, mimicking the effects of ovarian ligands for tyrosine kinase receptors such as kit ligand, PDGF, leukemia inhibitor factor, and neurotrophins (17) (18) (19) 27) . Coupled with the prevention of PIP3 conversion to PIP2 by the PTEN inhibitor, the PI3K activator stimulated nuclear exclusion of Foxo3 and follicle activation. With subsequent optimal follicle growth in kidney capsules, the present approach allowed efficient activation of dormant follicles and subsequent development to derive mature oocytes.
Most primordial follicles are dormant for months or decades in the ovary, likely due to local inhibitory signals. In contrast to the continuous activation of the PI3K-Akt-Foxo3 signaling pathway in PTEN null mice (3-5), our findings indicated that murine and human follicles only require short-term treatment to initiate growth. Once activated, follicles continue to grow; they appear to be nonresponsive to the inhibitory signals to remain dormant or are producing local stimulating factors to sustain growth. Although the development of preantral follicles are not gonadotropin-dependent, FSH treatment promotes early follicle development (28) . Early studies indicated that 2 and 6 months are required for primordial follicles to reach the preovulatory stage in mouse and human, respectively (2) . After treating hosts with FSH for only 14 days, murine primordial follicles in grafts progressed to the preovulatory stage. For xeno-transplanted human follicles, it is interesting to investigate whether a shorter duration is sufficient for antral follicle development. No malignancy was found in mouse or human ovarian grafts or hosts during prolonged transplantation, indicating the present shortterm exposure to the PTEN inhibitor had minimal adverse effects despite the known function of PTEN as a tumor suppressor gene (29) . These findings are consistent with a lack of tumorigenesis in mutant mice with PTEN deletion in oocyte or granulosa cells (3, 30) .
Earlier studies demonstrated the delivery of only few live offspring by IVF of oocytes derived from cryopreserved primordial mouse follicles after in vivo transplantation (31) , likely due to inefficient activation of dormant follicles. Likewise, only few human antral follicles developed from primordial follicles after xeno-transplantation into immune-deficient mice (32) . One case of successful ovarian transplantation between monozygotic twins discordant for premature ovarian failure has been reported, and the patient delivered a healthy baby (33) . In addition, ovarian auto-transplantation to the forearm has been successfully performed in women undergoing sterilizing cancer therapy, but less than a dozen pregnancies have been reported (34) . Although primordial follicles are more resistant to cryo-damage as compared with larger follicles, ovarian cortical tissue cryopreservation for fertility preservation is still inefficient (34) . The present in vitro activation (IVA) protocol could substantially increase the derivation of mature eggs from patients after autotransplantation of fresh or frozen ovarian tissues. Although with low efficiency, advances have been made to develop murine primordial in vitro through oocyte maturation and fertilization to allow the birth of live pups (35, 36) . Coupled with the present follicle activation approach, future improvement of follicle culture methods could bypass the need for in vivo transplantation to generate mature oocytes.
Female mammalian gonads, unlike their male counterparts, have a limited number of mature germ cells, and the present approach allows the generation of a large number of mature oocytes. Peri-menopausal women and patients suffering from primary ovarian insufficiency/failure have no antral follicles, but a limited number of primordial follicles are still present (34, (37) (38) (39) . The present follicle activation approach could benefit infertile patients with a diminishing pool of dormant follicles by providing a large supply of mature female germ cells. Generation of a large number of human mature oocytes also facilitates future derivation of embryonic stem cells for regenerative medicine. The same approach could also allow the generation of mature oocytes from primordial follicles of other mammals, including endangered species and economically important animals.
Materials and Methods
Short-Term in Vitro Incubations. Paired ovaries of 3-day-old B6D2F1 mice were excised and washed three times in L-15 medium containing 3 mg/mL BSA before transferred individually to culture plate inserts (Millipore). From a given donor, one ovary served as the control and the contralateral one was treated with 100 μM bpV(pic) (Calbiochem) and/or 500 μg/mL 740Y-P (Tocris) for 24 h. After media change, the experimental group was further treated with medium containing only 740Y-P for another 24 h before transplantation. Ovaries were cultured in Waymouth medium MB752/1 supplemented with 0.23 mM pyruvic acid, 50 mg/L streptomycin sulfate, 75 mg/L penicillin G, 3 mg/mL BSA, 10% FBS, and 0.03 IU/mL FSH (NV Organon). Media (400 μL) were placed below the membrane insert to cover ovaries with a thin layer of medium. In some experiments, one ovary from the pair was cultured with bpV(pic) plus 740Y-P, whereas the contralateral one was treated with bpV(pic) plus 740Y-P together with the Akt inhibitor SH-5 (50 μM, Calbiochem) or the PI3K inhibitor Wortmannin (25 μM; Calbiochem), added 1 h earlier.
Ovarian Transplantation. Host animals were anesthetized and kidneys externalized through a dorso-horizontal incision. Paired ovaries (control and treatment groups) from the same donor were randomly inserted under the kidney capsule of the same host that was ovariectomized to increase en-dogenous gonadotropin levels. One day after transplantation, hosts were treated daily with 2 IU FSH and killed at 14 or 18 days later.
Human Follicle Activation. Ovarian fragments were obtained from patients with benign ovarian tumor but exhibiting normal menstrual cycles. Informed consent from the patient and approval from the Human Subject Committee of Akita University were obtained. Ovarian cortex was isolated and cut into small cubes (≈1 mm 3 ). After treatment of cortical cubes for 1 h with bpV(pic), some samples were used for Foxo3 staining. Pairs of cortical cubes were treated with or without bpV(pic) (100 mM) for 24 h in MEM-α medium containing 10% human serum albumin (Mitsubishi Tanabe Pharma), 1% antibiotic/antimycotic solution (Invitrogen), and 0.3 IU/mL FSH before xenotransplantation into each side of the kidney capsule of ovariectomized, immune-deficient SCID mice. An i.p. injection of antibiotic (4 μg/g body weight; gentamicin) was given while animals were anesthetized. Three days after transplantation, animals were treated i.p. with FSH (1 IU per animal) every 48 h for 24 weeks. At 36 h before sample retrieval, hCG (20 IU per animal) was injected s.c.. Ovarian grafts were recovered for histological analyses and follicle counting.
Experimental animals, follicle counting, immunohistochemistry, immunofluorescence, DNA methylation, and IVF and embryo transfer procedures are in SI Materials and Methods.
